The NRAO VLA Sky Survey (NVSS) Rotation Measure (RM) catalogue has enabled numerous studies in cosmic magnetism, and will continue being a unique dataset complementing future polarisation surveys. Robust comparisons with these new surveys will however require further understandings in the systematic effects present in the NVSS RM catalogue. In this paper, we make careful comparisons between our new on-axis broadband observations with the Karl G. Jansky Very Large Array and the NVSS RM results for 23 sources. We found that two unpolarised sources were reported as polarised at about 0.5 % level in the RM catalogue, and noted significant differences between our newly derived RM values and the catalogue values for the remaining 21 sources. These discrepancies are attributed to off-axis instrumental polarisation in the NVSS RM catalogue. By adopting the 0.5 % above as the typical offaxis instrumental polarisation amplitude, we quantified its effect on the reported RMs with a simulation, and found that on average the RM uncertainties in the catalogue have to be increased by ≈ 10 % to account for the off-axis instrumental polarisation effect. This effect is more substantial for sources with lower fractional polarisation, and is a function of the source's true RM. Moreover, the distribution of the resulting RM uncertainty is highly non-Gaussian. With the extra RM uncertainty incorporated, we found that the RM values from the two observations for most (18 out of 21) of our polarised targets can be reconciled. The remaining three are interpreted as showing hints of time variabilities in RM.
where ℓ [pc] is the (physical) distance to the source from the observer, n e [cm −3 ] is the thermal electron density, B [µG] is the strength of the magnetic field component along the line of sight (s [pc] ), λ [m] is the wavelength of the emission, and RM [rad m −2 ] is the rotation measure of the source 1 . The integrated value of the magnetic field strength along the line of sight, weighted by n e , is therefore encrypted in the RM values. The RM of any given sightline can be obtained by PA measurements at two or more frequency bands, followed by a linear fit to PA against λ 2 . For example, the resulting RM from observations at two frequencies only is given by RM = PA 1 − PA 2 + nπ
where the subscripts denote the two frequency bands, and n is an integer corresponding to nπ-ambiguity resulting from the possible wrapping(s) of PA between the two bands (see Paper I, Ma et al. 2019 , for more details). Extragalactic radio sources (EGSs) have commonly been used to uncover the magnetic fields in foreground astrophysical objects. Such RM-grid experiments can be broadly divided into two categories: blind surveys and pointed observations. The NRAO VLA Sky Survey (NVSS) RM catalogue (Taylor et al. 2009, hereafter TSS09) is the largest RM catalogue to date, and is a notable example of blind surveys. This RM catalogue was built by re-analysing the original NVSS data (Condon et al. 1998 ), which were taken by scanning through a regularly spaced hexagonal grid in the northern sky (δ > −40 • ). The wide sky coverage of the TSS09 catalogue has enabled numerous studies of cosmic magnetism (e.g., McClure-Griffiths et al. 2010; Harvey-Smith et al. 2011; Stil et al. 2011; Oppermann et al. 2012; Hill et al. 2013; Oppermann et al. 2015; Purcell et al. 2015; Terral & Ferrière 2017) . Similar blind survey strategies were also adopted by other works for specific parts of the sky (e.g., Gaensler et al. 2005; Mao et al. 2008; Gießübel et al. 2013 ). With such surveying strategies, the target EGSs are in general not on the pointing axis of the telescopes, which means the resulting data can be affected by off-axis instrumental effects that need to be accounted for (see below). On the other hand, the strategy of pointed observations is also commonly used (e.g., Mao et al. 2010; Van Eck et al. 2011; Mao et al. 2012; Costa et al. 2016; Kaczmarek et al. 2017; Mao et al. 2017; Betti et al. 2019) , where target EGSs are selected from existing catalogues of polarised radio sources. They are then observed with the EGSs placed on the pointing axis of the telescopes. Compared to blind surveys, the resulting data of the targets from these pointed observations are free of off-axis instrumental artefacts.
An ideal radio telescope with dual polarised feeds should have independent polarisation channels, each being insensitive to its orthogonal counterpart. In reality, however, imperfections of the telescopes allow these polarisation channels to "see" the orthogonally polarised components. This is known as the instrumental polarisation (also known as the polarisation leakage) of radio telescopes, which can alter the measured polarisation signals. The polarisation leakage can be seen as comprised of two distinct elements -the onaxis and the off-axis components. The former is routinely calibrated out in polarisation studies (see, e.g., Hales 2017), usually by either (1) observing a known unpolarised calibrator and attributing the measured polarisation signals as the instrumental response of the 1 In this work, we investigate the narrowband results presented in Taylor et al. (2009) , and therefore follow the traditional notion of RM instead of the more generalised notion of Faraday depth. telescope, or (2) observing a calibrator over a range of parallactic angles to simultaneously determine the astrophysical and instrumental polarisation, given that the telescope is driven by altitude-azimuthal (alt-az) mounts. Both these strategies will remove the polarisation leakage at the pointing centre where the calibrator has been placed at (down to, e.g., 0.02 per cent in our new VLA observations; see Paper I), but residual polarisation leakage remains for positions within the primary beam away from the pointing axis (thus "off-axis"). This off-axis instrumental polarisation can be determined by holography scans (e.g. in the NVSS; Cotton 1994; Condon et al. 1998) and subsequently be calibrated out. Alternatively, the A-projection algorithm (Bhatnagar et al. 2008 (Bhatnagar et al. , 2013 can be further developed to characterise and correct for the off-axis polarisation leakage (see, e.g., Jagannathan et al. 2017 Jagannathan et al. , 2018 . This full Mueller A-projection requires an adequate knowledge of the antenna optics, and can be applied during the imaging step of data reduction.
The off-axis polarisation leakage present in the NVSS data, if completely uncorrected, can be up to 2.5 per cent (Cotton 1994) . However, as calibrations for this off-axis leakage have been applied in the image domain, the residual leakage remaining in the data products of the original NVSS (namely, images and the source catalogue) is ≈ 0.3 per cent (Condon et al. 1998) . As TSS09 constructed their RM catalogue by re-analysing the NVSS visibility data, the calibration for the off-axis leakage was not applied, though the mosaicking done to form their images could have smoothed out the off-axis leakage pattern with respect to the NVSS pointing centres. It is therefore likely that the reported RM values in the TSS09 catalogue have been affected by off-axis polarisation leakage, with its effect still remain unaccounted for.
It is crucial to fully understand the limits of this NVSS RM catalogue given its relevance. Although ongoing polarisation surveys such as Polarization Sky Survey of the Universe's Magnetism (POSSUM; Gaensler et al. 2010 ) in 1130-1430 MHz and VLA Sky Survey (VLASS; Myers et al. 2014 ) in 2-4 GHz will provide us with drastically higher RM densities than TSS09, these two surveys either do not have exact sky or frequency coverage, and both cover different time domains, compared to TSS09. This means the TSS09 catalogue will continue being a unique dataset depicting the magnetised Universe.
In our Paper I (Ma et al. 2019) , we have explored the nπ-ambiguity problem in TSS09 and concluded that there are likely more than 50 nπ-ambiguity sources (with erroneous RM by ±652.9 rad m −2 ) out of the total 37,543 in the NVSS RM catalogue. In addition, we found two sources that were reported as ≈ 0.5 per cent polarised in TSS09 but were unpolarised in our new broadband Karl G. Jansky Very Large Array (VLA) observations. We attributed this discrepancy in polarisation levels to the off-axis polarisation leakage in the NVSS data, which has motivated our study here. In this paper, we perform a rigorous comparison between our new data of 23 sources with the results from TSS09. Our goal here is to identify and quantify systematic errors affecting RM measurements that were unaccounted for in the TSS09 catalogue. The observational setup and data reduction procedures are outlined in Section 2, and the results are presented in Section 3. We discuss the discrepancies between our new results and TSS09 in Section 4. The effects of off-axis instrumental polarisation on RM measurements are quantified by simulations in Section 5. Finally, we make concluding remarks on this work in Section 6. In the forthcoming Paper III, we incorporate our knowledge from both Papers I and II to create a refined TSS09 catalogue for future studies of cosmic magnetism. 
New Observations
A total of 23 target sources were selected from the TSS09 catalogue, with the original primary goal of identifying nπ-ambiguity sources (addressed in Paper I). These sources were selected based on their high |RM TSS09 | 300 rad m −2 , despite being situated away from the Galactic plane (|b| > 10 • ) 2 . Furthermore, all of our targets are bright with NVSS total intensities larger than 100 mJy. Our new broadband observations were performed using the VLA in L-band (1-2 GHz) in D array configuration on 2014 July 03. The same array configuration as used by the NVSS means that our uv-coverages are similar to that of TSS09, and the observations from both works are sensitive to emission at the same ranges of angular scales. The typical integration time per source was about 3-4 minutes. Standard calibration procedures were followed using the Common Astronomy Software Applications (CASA) package (version 4.4.0; McMullin et al. 2007) , and are described in detail in Paper I. 2 Except for J234033+133300, which has RM TSS09 = +56.7 ± 6.3 rad m −2 .
This included source turned out to be unpolarised in our new observations, and is pivotal to our study of off-axis instrumental polarisation in this paper. 
NVSS Band Images from New Observations
A careful comparison in polarisation properties between our new data and the NVSS RM catalogue requires that the two datasets have near identical frequency and uv-coverages, with the source properties extracted following the same method. We have therefore formed two sets of radio images using our calibrated broadband VLA data in the two NVSS intermediate frequency (IF) bands only. Although the original NVSS bands had frequency ranges of 1343.9-1385.9 MHz (IF1) and 1414.1-1456.1 MHz (IF2) respectively (Condon et al. 1998) , parts of our data in these frequency ranges were unfortunately flagged because of corruption by radio frequency interferences (RFI) or because they lie at the edges of the new broadband VLA spectral windows where sensitivity drops rapidly. Therefore, we have instead used our new VLA data within frequency ranges of 1344.5-1373.5 MHz as IF1 and 1430.5-1445.5 MHz as IF2 uniformly for all the sources. These frequency ranges are the widest that we can get within the NVSS frequency bands, resulting in the best comparison that can be made between our data and TSS09 results. Using our new VLA data, we created Stokes I, Q, and U images for each source in the NVSS IF1 and IF2 respectively. All the images were made with Briggs visibilities weighting of robust= 0 (Briggs 1995) with a common restoring beam of 60 ′′ × 60 ′′ matching that of the TSS09 images (see below). On the other hand, we obtained cutout images of our target sources from TSS09. The TSS09 images were formed using the calibrated NVSS visibility data, independently for NVSS IF1 and IF2. A mild uv-taper was applied and led to their resulting beam of 60 ′′ × 60 ′′ . We decided to determine the RM values from the TSS09 images instead of directly adopting the listed RM TSS09 values in their catalogue to ensure that the most direct comparison is performed. The Stokes I, Q, and U values of our sources were extracted from the two observations in identical ways, with the flux densities of the unresolved sources determined from the CASA task IMFIT, and that of double and extended sources by integrating within 6σ contours in total intensity.
RESULTS

Rotation Measure Comparison with TSS09
We perform a rigorous comparison between the polarisation properties of our new VLA results and that in TSS09. By using the Stokes Q and U values obtained from our VLA data in NVSS bands and TSS09 cutout images, we computed the PA values by
where the subscripts denote the IFs. Equation 2 is then used to compute the RM values. We used λ 1 = 0.2196 m and λ 2 = 0.2089 m for TSS09 cutouts, and λ 1 = 0.2206 m and λ 2 = 0.2085 m for our VLA data. The values of n were chosen such that the RM values would most closely match the broadband polarisation-weighted Faraday depths (φ) reported in Paper I, which is free of nπ-ambiguity. The only exception is J154936+183500, since we did not find correspondence between our broadband φ and the narrowband RM TSS09 for this source 3 , and therefore we chose n for this source such that the resulting RM values are the closest to its TSS09 value of −426.8 rad m −2 . As a sanity check, we further compared our RM values from TSS09 cutout images with the officially listed RM TSS09 (corrected for nπ-ambiguity as above) to ensure that these two sets of RM values agree with each other (within ≈ 1σ), as would be expected since they were computed from the same dataset.
The RM values obtained in the two datasets are shown in Figure 1 , and listed in Table 1 . The RM values from our new observations are denoted as RM VLA , and that from TSS09 cutout images as RM Tcut . We also listed the difference in RM (∆RM = RM VLA − RM Tcut ), as well as its magnitude divided by RM uncertainties (i.e., RM differences in units of σ; |∆RM|/σ) in the same Table 1 . It is found that nine (43 per cent) and five (24 per cent) out of our 21 polarised sources have deviating RM values by more than 2 and 3σ respectively. Assuming that the RM uncertainties are Gaussian (which is approximately true given the high signalto-noise ratio in polarisation of 15 for these sources), |∆RM|/σ should follow a folded normal distribution with µ = 0 and σ = 1 (corresponding to the mean and standard deviation of the parent normal distribution, respectively). This distribution predicts much lower, namely, 4.6 and 0.3 per cent of the data deviating by more than 2 and 3σ respectively. It is evident that, with the entire sample of 21 sources considered as a whole, the RM values from TSS09 and our observations do not agree within their uncertainties.
Flux Densities and Spectral Indices
We report here the full-band (1-2 GHz) radio spectra of our targets. This has been deferred to this paper from Paper I because of the relevance between Stokes I and RM time variabilities. The flux densities were extracted from 4 MHz channel images using the entire L-band (see Paper I), and were fitted for each source with a simple power law:
where S ν is the flux density at frequency ν, and α L is the spectral index in L-band. The values of S 1.4 GHz and α L are listed in Table 2 , with the radio spectra shown in Figure A1 . For double sources, apart from fitting the radio spectra of each of the spatial components (listed in Table 3 ), we also added the flux densities together (with uncertainties added in quadrature) to obtain a joint fit, which facilitates comparison with the integrated flux densities reported in the NVSS (S NVSS ; also in Table 2 ), as well as other lower resolution radio studies. We do not see clear evidence of deviations of the radio spectra from the simple power law for any of the sources. We note the significant discrepancies between S 1.4 GHz and S NVSS for the double / extended sources J093544−322845, J094750−371528, and J224549+394122. The differences may be due to sub-optimal spatial fitting to these resolved sources in the NVSS catalogue. We therefore extracted the flux densities of our sample from NVSS cutout images (S Ncut ), also listed in Table 2 . Indeed, we see much better agreement between S 1.4 GHz and S Ncut for the above three sources, but for four of our other targets (J094808−344010, J111857+123442, J170934−172853, and J224412+405715) we still see differences in flux densities by more than 10 per cent (see Section 4.1). 
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COMPARISONS WITH NVSS RESULTS
Discrepancies in Total Intensities
Before comparing the flux densities between our 2014 observations and that of the NVSS in the 1990s, we note the different absolute flux density scales applied. The NVSS used 3C 295 as the flux calibrator adopting the Baars et al. (1977) scale, while we used 3C 286 and 3C 138 following the Perley & Butler (2013) scale. It has been suggested that the systematic differences between these two scales at 1.4 GHz is less than 4 per cent (Perley & Butler 2013) , though they further noted flux density variations of 5 per cent for 3C 138 over ≈ 10 yr at 1.4 GHz. We have therefore chosen a modest cutoff of 10 per cent in flux density variations above which we are confident that the differences are not due to errors in flux calibrations alone. We compared our broadband S 1.4 GHz with S Ncut obtained from NVSS cutout images by introducing a parameter (see Table 1 )
Four of our sources (namely, J094808−344010, J111857+123442, J170934−172853, and J224412+405715) have differences in total intensities of more than 10 per cent. These cannot be explained by flux calibration errors alone, and are likely linked to Stokes I time variabilities between NVSS and our observations (over roughly 20 years). As all these four sources are listed as compact in the original NVSS catalogue (angular size < 20 ′′ ) 4 , this is consistent with the general picture that the variable radio emission originates from the core of AGNs. We gathered flux density measurements of these sources in the literature up to ∼ 10 GHz and plotted them in Figure 2 to facilitate comparisons. J111857+123442 shows the most extreme Stokes I disparity of about 45 per cent when compared with its NVSS value. However, as seen in Figure 2 the NVSS flux density is inconsistent with others' as well as ours. We looked into the NVSS image containing this source (C1112P12), and noticed that at the centre of NVSS pointing 11195+12260, which is the closest pointing to J111857+123442, there is a patch with radius of 2 ′ where the intensity is exactly zero. Note that (4 • × 4 • ) NVSS images are weighted averages of their constituent snapshot images (one from each pointing; truncated at radius of 24 ′ ), with the weights defined to be proportional to the square of the primary beam attenuation (Condon et al. 1998) . Since individual NVSS pointings are separated by 26 ′ , the snapshot image of a missing pointing would result in a nearly circular area with 2 ′ radius of zero pixel values, just as we found above. This suggests that the NVSS pointing 11195+12260 could be missing, and the NVSS flux density of J111857+123442 could be unreliable due to the weighted average algorithm. To further strengthen this argument, we computed the expected resulting flux density due to the missing pointing. There is a total of three NVSS pointings covering J111857+123442 (11195+12260, 11180+12392, and 11195+12524), with the source situated 11. ′ 9, 14. ′ 6, and 19. ′ 4 from the respective pointing centres, where the primary beam attenuation levels are 0.665, 0.541, and 0.338 respectively (equation 5 of Condon et al. 1998 ). If we replace the source flux density in the first pointing by zero, we obtain a weighted average flux density of 47.9 per cent of the true value, exactly matching the 47.9 per cent by comparing the NVSS value with that from TSS09 image. Even though the TSS09 images were also formed using the published NVSS visibility data, they were created by mosaicking with the primary beam response divided out, and any missing pointings would lead to an increase in root-mean-square (rms) noise instead of erroneous flux densities. Indeed, the flux density of 2041.5 ± 1.0 mJy from our broadband observation is much closer to the flux densities of 2324.4 ± 5.5 mJy from TSS09 cutout images and the integrated flux density of 2322.0 ± 0.4 mJy from the Faint Images of the Radio Sky at Twenty-Centimeters (FIRST; Becker et al. 1995) catalogue. However, there is still a 13.9 per cent discrepancy which could be true Stokes I variability. In below, we compare our broadband S 1.4 GHz with the flux density we obtained from TSS09 cutout for J111857+123442, instead of the S Ncut from NVSS cutout images. We first look into α L of the four sources with significant Stokes I variabilities of more than 10 per cent. As expected, they all exhibit flat radio spectra (−0.373 α L +0.015). We further compared the discrepancies in RM with Stokes I variabilities (Figure 3 ). It appears that flat spectrum sources are more likely to have significant RM discrepancies, though such differences in RM are not necessarily accompanied by Stokes I variabilities. Note that the RM differences between our new observations and TSS09 could be attributed to off-axis polarisation leakage instead of true RM time variabilities (see Section 4.2).
Discrepancies in Polarisation Properties
By comparing the polarisation properties of our sample in TSS09 with that from our new VLA observations (Paper I), we found that two of the sources are unpolarised. Furthermore, the RM values of our 21 polarised target sources from our new VLA observations do not agree with that from TSS09 within measurement uncertainties. As we will show below, both are likely linked to off-axis instrumental polarisation in the NVSS observations.
Unpolarised Sources
From the RM-Synthesis analysis on our new broadband (1-2 GHz) data in Paper I, we found that two of our targets (J084600−261054 and J234033+133300) have polarisation fractions below our 6σ detection limits of 0.07 and 0.06 per cent, respectively. These polarisation levels are much lower than the respective values of 0.51±0.02 and 0.59 ± 0.02 per cent reported in the TSS09 catalogue, as well as the 0.14 ± 0.03 and 0.09 ± 0.02 per cent in the original NVSS catalogue. Our on-axis broadband results are free of off-axis instrumental effects of the VLA, and are resilient against bandwidth depolarisation for sources with Faraday depths 10 4 rad m −2 (see Paper I). On the other hand, sources are in general placed significantly away from the pointing axis for surveys such as the NVSS, and therefore the off-axis polarisation leakage has to be taken care of for both the original NVSS catalogue (Condon et al. 1998 ) and TSS09. Corrections determined from holography scans were applied in the image plane in the original NVSS but not in TSS09, although the off-axis leakage pattern has been smoothed out by the mosaicking done to produce the TSS09 images. Therefore, the residual leakage level in the original NVSS (≈ 0.3 per cent; Condon et al. 1998 ) is significantly lower than in the NVSS RM catalogue (≈ 0.5 per cent; TSS09). However, the band-separated analysis of TSS09 has made them more robust against bandwidth depolarisation than the original NVSS.
Combining all the information above, we favour the interpretation that the polarisation signals detected from the two sources (J084600−261054 and J234033+133300) in the NVSS observations are dominated by off-axis polarisation leakage. In other words, we believe that these two sources are also unpolarised at the NVSS epoch, but were listed in the TSS09 catalogue just because the residual off-axis instrumental polarisation have made them appear polarised falsely. These two sources lie 10. ′ 3 and 12. ′ 3 away from the respective closest pointing centres of NVSS fields 08465−26188 and 23405+13453. At such angular distances, the (uncorrected) offaxis linear polarisation leakage is at ∼ 1 per cent level (see figure  14 of Condon et al. 1998) , consistent with the measured values of these sources in the RM catalogue. However, we cannot completely rule out the possibility of changes in the observed polarisation fraction due to time variabilities (e.g. Aller 1970; Rudnick et al. 1985; Anderson et al. 2019) .
Rotation Measure Discrepancies
By comparing our results from new VLA data in NVSS bands with TSS09, we found that the RM values derived from the two observations do not agree within their measurement uncertainties (see Section 3.1). We first rule out the possibility that the observed RM discrepancies are due to PA calibration errors, as we do not see systematic trends in ∆RM by grouping the target sources by the associated PA calibrators used in our observations. Another explanation to the RM disparity is genuine RM time variabilities, which can occur when a jet component near the AGN core is traversing along the jet and illuminating different parts of the foreground magnetised plasma near the jet at different epochs. Changes in RM of ≈ 100-1000 rad m −2 have been noted for observations at 10 GHz within as short as a few months (e.g. Zavala & Taylor 2001; Hovatta et al. 2012) , and much lower values of ≈ 10 rad m −2 at 1.4 GHz have been reported over ≈ 20 yr (e.g. Anderson et al. 2016 ). This apparent variability for our targets will be further investigated with followup broadband polarisation observations (Ma et al. in prep) . Finally, the discrepancies in measured RMs could also be attributed to some unaccounted systematic uncertainties in either or both of the observations, leading to underestimated uncertainties in RM. Here we propose that the disagreement in RM is mostly caused by residual off-axis polarisation leakage in the NVSS RM catalogue, as it can be thought of as adding a leakage vector 5 to the source polarisation vector, modifying the measured PA values and thus the resulting RM. In the following, we quantify the effect of off-axis leakage on RM TSS09 by simulations.
SIMULATING THE EFFECTS OF OFF-AXIS INSTRUMENTAL POLARISATION
Simulation Setup
We took the reported radio properties of the 37,543 sources in the NVSS RM catalogue to construct the source true polarisation vectors at the two NVSS bands by
where the subscript j denotes the two NVSS IFs, and λ j is the centre (in frequency space) wavelength of the two IFs with λ 1 = 0.2196 m and λ 2 = 0.2089 m. We adopted the polarised intensity listed in the TSS09 catalogue as PI src and the RM from TSS09 as RM src . Although we have set up the simulation by taking the listed TSS09 values as the source true values while in reality they should be taken as the observed values with polarisation leakage added in, we argue that our simulation results would still be representative of the general statistics of the TSS09 catalogue given its large sample size. A full treatment taking the listed TSS09 values as the observed values from our simulations will be presented in the future Paper III. It is assumed that all the sources have flat spectral indices (α L = 0) and are Faraday simple. Since PA 0 were not reported in the TSS09 catalogue, we constructed 1,000 realisations for each source, each with a randomly picked PA 0 value within [−π/2, +π/2] from a uniform distribution. This results in a total of 37,543,000 input realisations. Then, we added leakage vectors (P leak ) to the true polarisation vectors to obtain the observed polarisation vectors:
The leakage vector has an amplitude fixed at 0.5 per cent of the NVSS Stokes I values, and PA leak again randomly picked within [−π/2, +π/2] from uniform distribution for each realisation, identical at IF1 and IF2. In other words, it is assumed that the leakage amplitude does not depend on the source position within the telescope primary beam with respect to the pointing centre, which is justifiable as the mosaicking done to produce the TSS09 images is expected to smooth out the leakage amplitude within the primary beam compared to the original leakage pattern of Cotton (1994) . Furthermore, it is assumed that the instrumental polarisation (both amplitude and PA) is not frequency dependent, although the VLA off-axis leakage pattern in the NVSS configurations are in reality weakly dependent of both direction and frequency (Condon et al. 1998; Cotton 1994 ). The 0.5 per cent leakage level we adopted is motivated by the TSS09 reported polarisation fractions of the two unpolarised sources that we identified (J084600−261054 and J234033+133300; see Section 4.2.1). As a reference, if the NVSS off-axis polarisation leakage is left completely uncorrected, sources will experience leakage levels of about 0.3, 0.6, 1.6, and 2.4 per cent at distances of 5 ′ , 10 ′ , 15 ′ , and 20 ′ away from the pointing centre respectively (see table 1 of Cotton 1994), and TSS09 sources have an average offset from the closest pointing centre by about 9. ′ 5. We therefore argue that an input leakage level of 0.5 per cent is a reasonable value to adopt, though note again that the residual leakage pattern in TSS09 is expected to be smoothed out from mosaicking. With the resulting polarisation vectors after adding in polarisation leakages, we computed the observed RM values (RM obs ) for each of the 37,543,000 realisations by Equations 3 and 2. The nπ-ambiguity is resolved by choosing the closest possible RM value to RM src .
Unaccounted RM Uncertainties Due to Off-axis Leakage
To quantify the effect of off-axis polarisation leakage on the measured RM, we compared |RM src − RM obs | against the true polarisation fraction (p src = PI src /S NVSS ) for the 37,543,000 simulation realisations. The RM differences reflect how much the injected leakage vectors alter the source true RM values. To clearly see the underlying statistics, instead of plotting each of the realisations, we performed boxcar binning of these data points with a binning width of 0.1 per cent in p src , with the results at the 50.0th, 68.3th, 95.5th, and 100.0th percentiles plotted as the colour solid lines in Figure 4 . We also tested different binning widths (0.05, 0.2, and 0.5 per cent) to ensure that they all show consistent results. As expected, sources with lower fractional polarisation are more susceptible to changes in RM due to the injected polarisation leakage. At true polarisation level of 1 per cent, the RM difference at 50th percentile (i.e. median) is 7.3 rad m −2 , while that at 68.3th percentile (corresponding to 1σ significance) is 13.5 rad m −2 . These numbers are comparable to the median RM uncertainties of 10.8 rad m −2 reported in the TSS09 catalogue. This means the leakage effect introduces a significant extra RM uncertainty which has not been accounted for in the TSS09 RM catalogue, and therefore we suggest that care has to be taken when using the reported RM values of individual sources with p 1 per cent.
The above simulation is also repeated by using different leakage levels (0.25, 0.75, 1.00, and 2.00 per cent). The 100.0th boxcar percentile lines for 1.00 and 2.00 per cent, which shows the maximum possible deviation of the observed RM from the true value at the respective leakage levels, are also shown in Figure 4 . The flattening of these two curves at p src 2 per cent are in the regime where the injected leakage overpowers the true polarisation signal, and should be ignored. We also show the inverse cumulative distribution function of |RM src − RM obs | in Figure 5 , from which we found that 2, 6, 11, 15, and 29 per cent of the NVSS RM sources have |RM src − RM obs | 10 rad m −2 at injected leakage levels of 0.25, 0.50, 0.75, 1.00, and 2.00 per cent respectively.
We further estimate how much TSS09 have underestimated their RM uncertainties for not having the off-axis leakage effect taken into account. To achieve this, we determined the rms value in |RM src − RM obs | from the 1,000 simulation realisation for each of the 37,543 sources individually (denoted as σ RM,leak ). This is then added in quadrature to the listed TSS09 RM uncertainties of the corresponding source (σ RM,TSS09 ) to yield the new RM uncertainties including the effect of off-axis leakage for each of the ). We calculated σ RM,new /σ RM,TSS09 at our default injected leakage level of 0.50 per cent, and obtained a median value of 1.09 out of the entire sample of 37,543 TSS09 sources. In other words, the TSS09 RM uncertainties should be increased by an average of nine per cent to incorporate the effect of off-axis polarisation leakage. Choosing different leakage levels of 0.25, 0.75, 1.00, and 2.00 per cent would yield median σ RM,new /σ RM,TSS09 of 1.03, 1.14, 1.19, and 1.39 instead.
Finally, we stress here that one should be cautious when applying the above results to individual TSS09 sources, since we find that the RM uncertainty from this off-axis polarisation leakage is also dependent on the actual RM of the source (Section 5.3). The statistics reported above are the average values out of the entire RM catalogue. Another point to note is that the distribution of (RM src − RM obs ) is found to be asymmetric, and is highly nonGaussian (see Section 5.3).
Leakage RM Uncertainties Dependence on RM src
To investigate the relationship between the RM uncertainties due to off-axis leakage and the source true RM values, we repeated the simulation outlined in Section 5.1 but with manually selected RM src values instead. In particular, we adopted the source properties of one of our targets, J091145−301305, as per TSS09 catalogue (S NVSS = 247.1 mJy and PI = 21.1 mJy) except for the RM value. Instead, we have manually put in RM src values of 0 to +800 rad m −2 at 1 rad m −2 interval, resulting in 801 artificial sources. We chose J091145−301305 because it is strongly polarised (p = 8.5 per cent). We generated 10 5 simulation realisations for each artificial source (each with randomised PA 0 and PA leak as before; see Section 5.1), and plotted the distribution of the resulting (RM src − RM obs ) individually for each artificial source as a 2D-histogram in the left panel of Figure 6 . We further repeated the above by using the TSS09 source properties of two of our other targets -J093349−302700 (S NVSS = 272.9 mJy and PI = 10.3 mJy) as an intermediately polarised example (p = 3.8 per cent) and J235728+230226 (S NVSS = 624.6 mJy and PI = 5.0 mJy) as a weakly polarised example (p = 0.8 per cent). Both of these cases Figure 6 at RM src of 0, +150, +300, +450, and +600 rad m −2 as the blue, green, red, cyan, and magneta lines, respectively. Note that the x-and y-axis scales are different among the panels, and the y-axis is in logarithmic scale.
are also shown in Figure 6 as the middle and right panels, respectively.
From these simulations, we noted several interesting properties of the distribution of (RM src − RM obs ) due to the injected off-axis polarisation leakage. Firstly, the distribution is a strong function of RM src , with the spread in (RM src − RM obs ) being the widest at RM src ∼ 300 rad m −2 , while it is identical to zero for the case of RM src = 0 and ±682.3 rad m −2 (i.e., the injected leakage would not alter the RM value at all). These reported numbers, however, are only valid under the assumption that PA leak are identical in the two IFs. Otherwise (i.e., if the off-axis leakage has a non-zero RM), the distributions shown in Figure 6 will be shifted horizontally by the leakage RM. Secondly, the distribution at any given RM src (except for the identical zero cases mentioned above) is highly nonGaussian, shaped as a double horn. This can be seen more clearly in Figure 7 where we show cuts of the 2D-histograms at RM src of 0, +150, +300, +450, and +600 rad m −2 . An interesting implication of this is that, the listed RM TSS09 values are in general not the most likely true RM of the sources, even for the highly polarised example with p = 8.5 per cent. Nonetheless, we find that the mean of the (RM src − RM obs ) distribution at any given RM src is almost identical to 0 rad m −2 for all cases. Finally, it can be seen that the distributions are asymmetric, with this property being more pronounced for sources with lower fractional polarisation. We will briefly explore the underlying causes of these properties in Appendix B.
Comparing Simulation with New Observations
We return to comparing the RM from our new observations (RM VLA ) with that from TSS09 cutout images (RM Tcut ) after taking this leakage effect into account. For each of our polarised target sources, we computed the RM uncertainty due to this off-axis leakage (σ RM,leak ) by repeating the simulation (Section 5.1) but only considering our targets one at a time, and with a much higher number of simulation realisation of 10 5 per source. The rms of the resulting |RM src − RM obs | values is taken as the σ RM,leak of that source. We reiterate here that the distribution of (RM src − RM obs ) is highly non-Gaussian (see Section 5.3).
The RM discrepancies between the two observations are plotted in the form of histograms in Figure 8 , in units of (i.e. with leakage taken into account), with σ RM,Tcut and σ RM,VLA being the RM uncertainties in TSS09 cutout and our VLA observations, respectively. If the difference in RM is only due to random Gaussian noise, the histogram should follow a folded normal distribution with µ = 0 and σ = 1, which is shown as the black curves in both plots. Indeed, the histogram follows the expected distribution much more closely after taking into consideration the effect of the off-axis leakage. This means the RM discrepancies between our new VLA observations with that from TSS09 can be largely explained by the offaxis instrumental polarisation leakage at about 0.5 per cent level. The three sources still with significant RM discrepancies even after considering the off-axis leakage are J084701−233701 (at 5.0σ), J111857+123442 (at 4.8σ), and J170934−172853 (at 3.5σ ). This could be due to genuine RM time variabilities, and will be investigated in a forthcoming paper (Ma et al. in prep) .
Additional Evidence from the Betti et al. (2019) Data
To further confirm that the RM discrepancies are due to off-axis polarisation leakage, we supplemented our 21 sources with the 282 Smith Cloud sources from Betti et al. (2019) that are cross-matched with the TSS09 catalogue. Their sources were also placed on-axis in their broadband VLA observations in L-band and are thus unaffected by off-axis polarisation leakage. However, there are significant differences between their data and that of TSS09, namely (1) they used broadband 1-2 GHz data while TSS09 used narrowband observations, (2) their observations were conducted in A array configuration instead of D array as did NVSS, and (3) their RM values were taken as the peak from RM-Synthesis analysis, while TSS09 performed two-point λ 2 fit to PA. Such differences in λ 2 coverage, uv-coverage, and analysis method can lead to disagreements between their RM values and the corresponding TSS09 RM values, which could be mistaken as caused by the off-axis polarisation leakage of TSS09 and/or RM time variabilities. A detailed, quantitative comparison between Betti et al. (2019) and TSS09 is therefore outside the scope of this work.
The combined 303 sources are plotted in Figure 4 . We computed the boxcar median line for these 303 observed sources, as shown in Figure 9 (denoted as "original"). A boxcar binning width of 0.4 per cent is used here instead of the 0.1 per cent we used in Figure 4 because of the lack of observed sources in some p bins. We do not quantitatively compare this observed median line with the simulation results (Figure 4) directly, because the selection biases of the two observations preclude meaningful conclusions to be drawn. In particular, our target sources were selected to have |RM TSS09 | 300 rad m −2 , while the Betti et al. sources are in close proximity to the Smith Cloud and therefore have a different RM distribution than that of the entire sample of TSS09. As the distribution of RM uncertainties due to off-axis leakage is a function of the source RM (Section 5.3), it would not be surprising if the median line here does not closely match the simulation results presented above in Section 5.2.
We focus here on the qualitative trend of the observed median line, from which we find a peak at the lower end of p ( 1 per cent). This is similar to what we see from our simulation, and is an important indicator that the discrepancies in RM are mainly due to off-axis polarisation leakage. However, this peak may also simply be a result of small number statistics -sources with larger |RM VLA − RM TSS09 | might just have low p coincidentally. In such case, |RM VLA − RM TSS09 | would actually have no correlation with p. We test this hypothesis with the bootstrapping method. With the 303 observed sources, we shuffle the |RM VLA − RM TSS09 | values with respect to p, and then construct a new boxcar median line (also at binning width of 0.4 per cent). This shuffling process is repeated for 10 7 times, yielding 10 7 median lines. As the final step, for each p value we evaluated the 99.73th, 99.95th, and 99.99th percentiles of |RM VLA − RM TSS09 | of the 10 7 median lines.
These percentile lines are plotted in Figure 9 together with the original observed median line. The percentile lines peak at several p values -at 0.5 per cent and between 8.0 and 10.0 per cent. These peaks are due to the scarcity of data points there, as can be seen in Figure 4 . The original line is mostly featureless and lie well below the 99.73th percentile line for p 1 per cent, while for p 1 per cent it peaks to a level close to the 99.95th percentile line. This suggests that the trend of higher |RM VLA − RM TSS09 | at lower p is statistically robust (at about 99.95 per cent confidence level), and that residual off-axis polarisation leakage is indeed introducing extra RM uncertainties to TSS09.
Comparison with Stil et al. (2011)
When Stil et al. (2011) compared the RM structure function of the Galactic poles they derived from TSS09 results with that from Mao et al. (2010) , they suggested that the RM uncertainties in TSS09 catalogue could be underestimated by a factor 1.22. This would explain the discrepancies between the two studies, though the authors did not explore the cause of such underestimated uncertainties. As we have shown above, off-axis polarisation leakage can introduce extra RM uncertainties to TSS09 results, and can potentially explain the factor 1.22 that they suggested.
To test this, we compiled the list of sources taken as the North Galactic Pole (NGP; 1,019 sources) and South Galactic Pole (SGP; 752 sources) samples by Stil et al. (2011) , and investigated the σ RM,new /σ RM,TSS09 ratio of these sources. This ratio quantifies by what factor we should increase the TSS09 RM uncertainties in order to incorporate the effects of off-axis polarisation leakage, and were obtained in Section 5.2. Using our default leakage level of 0.5 per cent, we find that the median values of σ RM,new /σ RM,TSS09 for the NGP and SGP sources are both 1.02, much lower than the factor of 1.22 suggested by Stil et al. (2011) . This suggests that there can be other sources of TSS09 RM uncertainties that have not been accounted for yet.
CONCLUSION
From our new broadband spectro-polarimetric observations of 23 NVSS RM sources with the VLA, we identified two unpolarised sources that are listed as ≈ 0.5 per cent polarised in the TSS09 catalogue. Moreover, we found significant discrepancies in RM for the remaining 21 sources by carefully comparing our new data with that from TSS09 using the same analysis methods and in almost identical frequency ranges. We attributed both of these effects to the residual off-axis instrumental polarisation in the TSS09 catalogue. We quantified its effects on the measured RM using simulations, and found that it is more significant for sources with lower fractional polarisation, leading to extra RM uncertainties of about 13.5 rad m −2 for TSS09 sources with p 1 per cent. This is comparable to the median RM uncertainties of 10.8 rad m −2 reported in the TSS09 catalogue. For a typical TSS09 source, the RM uncertainties should be increased by nine per cent in order to incorporate the effects of off-axis leakage. We further demonstrated that the probability distribution of this extra RM uncertainty is asymmetric, highly non-Gaussian, and is a function of the source RM value. These properties must be carefully taken into account if one wishes to incorporate the off-axis leakage effects to individual sources, which will be the goal of our forthcoming Paper III. This paper has been typeset from a T E X/L A T E X file prepared by the author. Flux Density (mJy) Figure A1 . Radio spectra across L-band of our target sources from the new VLA observations. The total flux densities are represented by black data points. For sources that are resolved into two spatial components, the flux densities of the individual components are plotted in red (component a) and blue (component b). The best-fit power law spectra (S ν ∝ ν α L ) are shown as solid lines with corresponding colours to the data points. The flux densities we determined from NVSS cutout images (S cutout ) are plotted as the cyan circles, while that listed in the NVSS catalogue (S NVSS ; Condon et al. 1998 ) are plotted as the magenta diamonds.
polarised case). For each case, we manually selected RM src values of 0, +150, +300, +450, and +600 rad m −2 . However, instead of randomising PA 0 and PA leak as we did in Section 5.3, here we chose PA 0 for each artificial source such that the source PA in the NVSS IF1 is 0 • , and PA leak is uniformly sampled within [−π/2, +π/2] to see its effect on (RM src − RM obs ). The results of this are presented in Figures B1 and B2 , with the former showing the trend of (RM src − RM obs ) and the latter showing that of (PI src − PI obs )/S NVSS . By consulting these Figures, we can pinpoint the situations (in terms of the relative PA between the source and leakage vectors) that resulted in the double horn.
From Figure B1 , we can see that (RM src − RM obs ) shows a nearly sinusoidal variation across PA leak , with the peaks and troughs corresponding to the two horns in Figures 6 and 7 . For the strongly and intermediately polarised cases, the widths of the peaks and troughs are very similar, leading to the symmetric (RM src − RM obs ) distributions. On the other hand, for the weakly polarised case the differences in the widths of the peaks compared to that of the troughs are much more apparent. This in turn leads to the extreme asymmetry in the double horns -the wider (or narrower) part in (RM src − RM obs ) against PA leak ( Figure B1 
